The UAF1 (Usp1 Associated Factor 1) protein binds and stimulates three deubiquitinating enzymes (DUB), USP1, USP12, and USP46. While the USP1/UAF1 complex is required for regulation of the Fanconi anemia (FA) DNA repair pathway, less is known about the USP12/UAF1 and the USP46/UAF1 complexes. To further understand the nature of the USP12 and USP46 complexes, we attempted to identify proteins that interact with the USP12 and USP46 DUB complexes. We identified WDR20, a WD40-repeat containing protein, as a common binding partner of UAF1, USP12, and USP46. Further analysis showed that WDR20 exclusively associates with USP12 and USP46, not with USP1. Furthermore, we demonstrate the purification of a ternary USP12/UAF1/WDR20 complex. Interestingly, and consistent with the binding assays, WDR20 stimulated the enzymatic activity of the USP12/UAF1, but not of the USP1/UAF1. Consistent with our previous report that USP12 and USP46 do not regulate the FA pathway, siRNA-mediated depletion of WDR20 protein did not affect the FA pathway or DNA damage responses. We provide a model in which WDR20 serves as a stimulatory subunit for preserving and regulating the activity of the subset of the UAF1/USP complexes.
INTRODUCTION
Balanced ubiquitination and deubiquitination regulates numerous cellular processes. Increasing reports suggest that deubiquitination of proteins, the reversal process of ubiquitinaton, is an as important step as ubiquitination, for specific regulation of particular cellular pathways 1, 2 . For instance, deubiquitinating enzymes are critical regulators of the p53/mdm2 3 , NFκB signaling 4, 5 , and the Fanconi Anemia (FA) DNA repair pathways 6 , by directly removing the ubiquitin moieties from their substrates. Deubiquitination either rescues the proteins from proteosome-mediated degradation or alters the activities of the proteins. For instance, USP7/HAUSP regulates the dynamics of p53-dependent pathways, by directly deubiquitinating p53 and Mdm2 3 . CYLD suppresses the NFkB pathway by deubiquitinating K63-linked polyubiquitintion of NEMO, a regulatory subunit for IκB kinase and TRAF2/6 E3 ligases. USP1 deubiquitinates monoubiquitianted FANCD2, which is an important regulator of the FA pathway, a step required for the completion of this DNA repair pathway 6 . Inactivation of the deubiquitinating enzymes result in abnormal cellular phenotypes in various organism settings [7] [8] [9] [10] , further suggesting that deubiquitination is a critical step in a variety of biological processes.
There are approximately 95 putative DUBs encoded by human cells, and they can be divided into five sub-families one being JAB1/MPN/Mov34 (JAMM) metalloproteases.
Although the identities of target substrates and biological functions are critical questions for the majority of the DUBs, another important issue is the mechanism of regulation of DUB activity. There are only few cases so far that provide such mechanistic insight. For instance, the activity of Uch37 is regulated by its association with the 19S proteasome subunits [12] [13] [14] . In addition, we have reported that the activity of USP1 is positively regulated by UAF1, a stoichiometric binding partner of USP1, which contains WD40-repeat motifs 15 . We subsequently reported that two closely related DUBs, USP12 and USP46, are also stimulated by UAF1, although the level of stimulation was less than for USP1 16 . Based on these observations, we hypothesized that other WD40-repeat proteins might also be associated with DUBs, in general, to regulate their activities in cells.
Here we report identification and characterization of WDR20, a previously uncharacterized WD40-repeat containing protein, as a stimulatory subunit of the USP12/UAF1 deubiquitinating enzyme complex. Our data suggest that the modes of regulation for deubiquitinating enzymes in the cell are more complex and diverse, and reinforce our hypothesis that WD40-repeat proteins-mediated regulation of DUB activities may be more widespread in the cell.
EXPERIMENTAL PROCEDURES Cell lines, plasmids, siRNAs, and antibodies
HeLa and 293T cells were grown in Dulbecco's DMEM (Invitrogen) media supplemented with 15% of Fetal Bovine Serum (Invitrogen) and Pen Strep Glutamine (Gibco). For the selection of shRNA cassettes, 1-3ug/ml of puromycin was added in the medium. HeLa cell lines stably expressing N-terminal tandem Flag-HA USP1, UAF1, USP12, and USP46, and WDR20 were generated using pOZ-FH-N system, as described previously 17 . siRNAs against UAF1 and WDR20 were synthesized from Invitrogen with the target sequences as following:
Antibodies against UAF1, USP1, and USP12 were generated from rabbit as described previously 15, 16 . Commercial antibodies were purchased as following: anti-WDR20 and anti-phospho-Chk1 (S317) polyclonal antibodies (Bethyl Laboratory), anti-Flag and anti-Tubulin monoclonal antibodies (Sigma),
anti-FANCD2 and anti-PCNA monoclonal antibodies (Santa Cruz Biotechnology).
Immunoprecipitation assay
HeLa cells stably expressing exogenous epitopetagged proteins were harvested, washed with PBS, and lysed with a lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 0.5% NP40). The lysates were centrifuged at 14,000 rpm for 15 minutes, and the supernatants were pre-cleared using Sepharose (Sigma) for 30 minutes. The pre-cleared lysates were subject to incubation with M2 agarose (Sigma) for 3-4 hours, and the beads were washed extensively with the lysis buffer. The bound proteins were eluted by adding 4x SDS running buffer and analyzed by SDS-PAGE and western blottings.
Purification of trimeric complex from Sf9 cells
N-terminal His-tagged USP12 was expressed using pFastBac-HTa vector (Invitrogen), and UAF1 and Flag-WDR20 were expressed using pFastBac-1 vector (Invitrogen). Each recombinant virus was produced by transfecting the corresponding bacmid to Sf9 cells. To produce the trimeric complex, all three viruses were used to co-infect fresh Sf9 cells. 72 hours post-infection, cells were harvested, washed with PBS, and lysed with a lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 1% NP40, 20mM Imidazole, 1% glycerol). The lysate was subject to incubation with Ni-NTA sepharose (Qiagen) for 2 hours, followed by extensive washing of the beads with the lysis buffer. The bound proteins were eluted with an elution buffer (50mM Tris pH 7.5, 150mM NaCl, 1% NP40, 250mM Imidazole, 1% glycerol). The eluted proteins were subject to incubation with M2 agarose (Sigma) for 4 hours, followed by extensive washing, and the bound proteins were eluted with 3xFLAG peptides (Sigma). The eluted proteins were run on 4-12% gradient SDS-PAGE gel and analyzed by coomassie blue staining.
GST-pulldown assay
Purifications of USP12 and UAF1 from Sf9 cells were described previously 16 . WDR20 was purified from E. coli strain Rossetta TM 2(DE3) (Calbiochem). In brief, expression of GST-WDR20 fusion protein from the bacterial cells was induced by 0.9mM of IPTG for 3 hours, and the cells were lysed by sonication in a lysis buffer (50mM Tris pH 7.5, 1% NP40, 150mM NaCl), before pre-clearing the lysates by high-speed centrifugation (14,000 rpm) for 15 minutes. The lysates were incubated with glutathione sepharose (GE Healthcare Life Sciences) for 2 hours, followed by extensive washing. The GST-WDR20 and GST proteins on beads were incubated with different combinations of USP12 and UAF1 for 4 hours, followed by extensive washing. The binding reaction was stopped by adding 4x SDS loading buffer and analyzed by western blot analysis.
In vitro deubiquitination assay
The in vitro enzymatic assays were performed using purified proteins from Sf9 cells as described previously 15 . WDR20 proteins were purified from bacteria as described above, except that the GST-WDR20 proteins on beads were cut off the GST tag using Precision protease (GE Healthcare Life Sciences) for overnight at 4C. The assays used ubiquitin-AMC (ubiquitin-7-amido-4-methylcoumarin; Boston Biochem) as substrates, and the reaction was done in a reaction buffer (20mM HEPES-KOH pH 7.8, 20mM NaCl, 0.1mg/ml ovalbumin, 0.5mM EDTA, 10mM DTT). The fluorescence was measured by FluoStar Galaxy Fluorometer (BMG Labtech). For the Ub-VS assays, the immunoprecipitated proteins were eluted using 3xFLAG peptides (Sigma), and the eluted fractions were incubated with final 0.5uM of Ub-VS for 1 hour at 37C.
RESULTS

WDR20 selectively interacts with USP12 and
USP46, but not with USP1 -To further understand the nature of UAF1-associated deubiquitinating enzyme complexes, we performed the immunoprecipitation of UAF1, USP12, and USP46 proteins and identified the associated proteins. Mass spectrometry analysis revealed a WD40-repeat containing protein, WDR20, as a common binding partner of UAF1, USP12, and USP46 (data not shown). This observation independently validated a recently published work in which WDR20 was identified as binding partner of the respective deubiquitinating enzyme proteins 18 . WDR20 is a 569 amino acids protein harboring five recognizable WD40-repeat motifs ( Figure 1A) . Sequence alignment among different species showed that it is well conserved from human to yeast S. pombe, with S. cerevisiae lacking an apparent homolog. To validate this analysis, we performed immunoprecipitation and western blot analysis using HeLa cell lines stably expressing epitope-tagged proteins. Interestingly, WDR20 specifically interacted with UAF1, USP12, and USP46 ( Figure 1B lanes 2, 4, 5 ), but not with USP1 (lane 3). In an inverse experiment, UAF1 and USP12 (and possibly USP46) proteins were co-purified, but not USP1, in the WDR20 immunoprecipitated complexes ( Figure 1C ).
Together, these results demonstrate that WDR20 selectively interacts with the USP12/UAF1 and the USP46/UAF1 sub-complexes, but not with the USP1/UAF1 sub-complex.
The USP12/UAF1 complex interacts directly with WDR20 -To understand the nature of interactions among WDR20, UAF1, and USP12, we performed in vitro pulldown assays using purified proteins (Figure 2A ). For this study, GST-fused WDR20 was purified from bacteria and UAF1 or the USP12/UAF1 complex was purified from Sf9 cells, as described previously 16 . In the pulldown assay using GST-WDR20, minor interactions of UAF1 and USP12 with the WDR20, respectively, were detected (lanes 4 and 5). However, when the preformed USP12/UAF1 complex was incubated with GST-WDR20, the interaction was significantly enhanced (lane 6), suggesting that WDR20 binds more efficiently to the deubiquitinating enzyme complex, rather than to the individual subunits.
To further investigate whether UAF1 is required for the interaction between USP12 and WDR20, we generated a HeLa cell line in which epitope-tagged WDR20 is stably expressed and UAF1 is knocked down by shRNA ( Figure 2B ). Under the condition in which approximately half of the endogenous UAF1 was co-purified as WDR20 complex from the UAF1-knockdown cells (compare lane 1 and 2), a similar reduction in the amount of USP12 was observed, suggesting that UAF1 is required for the integrity of the USP12 and WDR20 interaction.
To test whether the stable trimeric complex can be isolated, we co-expressed USP12, His-UAF1, and Flag-WDR20 in Sf9 cells, and performed sequential His and Flag affinity purification ( Figure 2C ). As predicted, a near stoichimetric complex of UAF1/USP12/WDR20 proteins was purified, suggesting the existence of this ternary complex in human cells. Taken together, these results demonstrated that WDR20 directly interacts with the USP12/UAF1 complex, and a stable USP12/UAF1/WDR20 ternary complex can be isolated.
To map the region of WDR20 that mediates interaction with UAF1 and USP12, a series of Flag-tagged WDR20 truncation mutants ( Figure 3A) were transiently expressed in 293T cells, and immunoprecipitation was performed to test the interactions with endogenous UAF1 and USP12 ( Figure 3B ). While all the deletion mutants we generated showed reduced binding to both UAF1 and USP12 compared to the full-length WDR20, the mutant deleted of second WD40-repeat (WDR20-∆WD2) was significantly compromised in interacting with both UAF1 and USP12, suggesting that this region is critical for interacting with the DUB complex.
WDR20 stimulates activity of the USP12/UAF1, but not of the USP1/UAF1 deubiquitinating enzyme complex -We previously demonstrated that UAF1 stimulates deubiquitinating activity of USP1, USP12, and USP46 enzymes in vitro 15, 16 . Since WDR20 also contains multiple WD40-repeats similar to UAF1, we hypothesized that WDR20 may contribute to the catalytic activity of the complexes. To test this, we used purified WDR20 along with previously described USP12 and UAF1 proteins 15 , and measured the deubiquitinating activity using Ub-AMC as a substrate ( Figure 4) . As shown previously, USP12 alone did not show efficient deubiquitinating activity, and addition of UAF1 stimulated the activity of USP12, albeit to a low degree ( Figure  4A) . Interestingly, addition of WDR20 in the reaction further stimulated the catalytic activity of the USP12/UAF1 complex four-to-five fold. WDR20 only minimally stimulated the activity of USP12 alone, in agreement with the observation that WDR20 and USP12 interact weakly in the absence of UAF1 (Figure 2A) . Also, consistent with the interaction studies, WDR20 did not stimulate the activity of either USP1 alone or the USP1/UAF1 complex ( Figure 4B ). These results suggest that WDR20 serves as a cofactor, which is required for the full enzymatic activity of the USP12/UAF1 deubiquitinating enzyme complex.
To confirm the specificity and gain insight into the dynamics of the USP12/UAF1/WDR20 complex formation, we set up a similar assay in which either full-length wild type WDR20 or mutant WDR20∆WD2 proteins were added 10 minutes after the USP12/UAF1 complexes were pre-formed ( Figure 4B ). Consistent with the mapping results, the mutant failed to stimulate the enzymatic activity of the USP12/UAF1 complex, while the wild type WDR20 instantaneously stimulated the activity, suggesting that the affinity between WDR20 and the pre-formed USP12/UAF1 complex is very high. To further test the role of WDR20 in the deubiquitinating activity in cell lysates, we generated a HeLa cell line in which epitope-tagged UAF1 is stably expressed and WDR20 is knocked down by siRNA ( Figure 4C ). We used Ub-VS (ubiquitin vinylsulfone), a chemical derivative of ubiquitin, which can be used for measuring the activity of DUBs 19 . Consistent with the Ub-AMC assays, knockdown of WDR20 nearly abolished the shift of endogeneous USP12, which is co-purified as UAF1 complex (compare lane 3 and 4). Together, these results demonstrate that WDR20 stimulates enzymatic activity of the USP12/UAF1 complex. WDR20 does not regulate the FA pathway or DNA damage responses -We previously reported that the USP12/UAF1 and the USP46/UAF1 complexes do not regulate the FA pathway 16 , suggesting that the subset of UAF1 complexes participate in different cellular pathways. Since WDR20 does not associate with the USP1/UAF1 sub-complex, we postulated that WDR20 does not regulate the FA pathway. Indeed it appears to be the case, as siRNA-mediated depletion of WDR20 did not affect the level of monoubiquitinated FANCD2 in the absence or presence of the DNA damage-inducing agent hydroxyurea (HU) ( Figure  5A ). The level of monoubiquitinted PCNA, another suggested substrate of the UAF1/USP1 complex, or the level of phospho-Chk1 was not affected, suggesting that WDR20 depletion did not affect the overall cellular DNA damage response. As reported previously 15 , depletion of UAF1 caused elevation of both FANCD2 and PCNA monoubiquitination, shown as positive controls for this experiment. Taken together, this result reinforces the notion that WDR20 selectively affects the activity of the USP12/UAF1 and/or the USP46/UAF1 sub-complexes, but not the USP1/UAF1 complex. The results were summarized In Figure 5B , which provide our current model for the role of WDR20.
DISCUSSION
Here, we demonstrate that WDR20, a protein containing WD40-repeat motifs and with previously unknown function, serves as a stimulatory subunit for the USP12/UAF1 deubiquitinating enzyme complex. Our data are consistent with a recently published report in which WDR20 was shown to interact with USP12 and USP46, but not with USP1, in a large scale interaction analysis 18 . We further characterize the functional nature of the interactions and demonstrated that WDR20 is specifically required for the hyper-enzymatic activity of the USP12/UAF1 deubiquitinating enzyme complex in vitro. We previously reported that UAF1 stimulates the catalytic activities of USP1, USP12, and USP46 in vitro 15, 16 . Although all three deubiquitinating enzymes require UAF1 as a stoichiometric binding partner, it appeared that the degree of activation of USP12 and USP46 by UAF1 was significantly lower than the activation of USP1 16 . This observation had suggested the possibility that the USP12/UAF1 and the USP46/UAF1 had additional stimulatory subunits or different regulatory mechanisms. We now have demonstrated that the WDR20 subunit has a stimulatory activity to, at least, the USP12/UAF1 complex. Consistent with the results indicating that WDR20 selectively interacts with UAF1, USP12, and USP46, but not with USP1 (Figure 1 ), WDR20 did not further stimulate the catalytic activity of the USP1/UAF1 deubiquitinating enzyme complex ( Figure 4B ), suggesting that the activity of WDR20 is specific. Furthermore, USP12 and USP46 were the only deubiquitinating enzymes recognized in the mass-spectrometry analysis of WDR20-interacting proteins (data not shown), suggesting that WDR20 does not promiscuously associate with and activate all deubiquitinating enzymes in cells.
Unlike UAF1, which appears to be the stoichiometric binding partner of USP1, WDR20 does not associate with the USP12/UAF1 complex as a stoichiometric subunit in cells, based on our silver stain analysis of the purified USP12 complex from HeLa cells 16 . However, we were able to isolate a stable ternary complex of USP12, UAF1, and WDR20, when the three proteins were co-expressed in Sf9 cells. (Figure 2C ). This suggests that the ternary complex exists in human cells, but formation of the complex may be regulated so that the complex only exists under certain conditions. Alternatively, only a fraction of the USP12/UAF1 complex might associate with WDR20 that has distinct functions.
In the study done by Sowa et al, USP12 and USP46 were found to be associated with other proteins in addition to WDR20, such as two phosphatases PHLPP and PHLPPL 18 . The phosphatases were also found in our MS analysis, but the functional relationships of the phosphatases with the deubiquitinating enzymes are currently unknown. Our preliminary analysis indicated that they may not be involved in regulating the DUB activities (data not shown). We postulate that the other interactors are involved in regulating substrate recognition, rather than regulating the inherent catalytic activities of the DUBs.
Although WDR20 seems to be highly conserved throughout evolutions, its cellular function remains elusive. Its function may be suggested from the studies in Aspergillus Nidulans 20 , where CreC protein of A. Nidulans, an apparent orthologue of WDR20, is required for the stabilization of CreB, an orthologue of USP12. The Cre proteins are involved in transcriptional regulation under catabolite repression, where CreA protein, a transcription factor, was hypothesized to be a substrate of the deubiquitinating enzyme CreB. Although such transcriptional regulation does not exist in human cells, it is possible that the USP12/UAF1/WDR20 complex may be involved in other types of transcriptional regulation.
Finally, our siRNA-mediated knockdown studies showed that WDR20 is not involved in regulating the FA pathway, consistent with our previous report that USP12 and USP46 does not regulate the FA pathway WDR20 not only stimulate the catalytic activity of the deubiquitinating enzyme complexes, but may also serve as a specific adaptor subunit for recruiting specific substrates. Alternatively, selective association of WDR20 may allow the UAF1-containing deubiquitinating enzyme complexes to have distinct subunit compositions, therefore directing different cellular functions. Figure 1 . WDR20 interacts with UAF1, USP12, and USP46, but not with USP1. A. A schematic for the domain distribution of WDR20 and UAF1. Green box indicates the WD40-repeat motifs. B. Anti-Flag immunoprecipitations were performed using the lysates from HeLa cells stably expressing each Flag-HA tandem tagged proteins, followed by western blots using anti-Flag, anti-UAF1, and anti-WDR20 antibodies. C. Anti-Flag immunoprecipitations were performed from HeLa cells stably expressing Flag-HA tagged WDR20, followed by western blots using anti-UAF1, anti-USP1, anti-USP12, and anti-Flag antibodies. Note that there are two forms of USP1, with the full-length (long-form) and C-terminally cleaved product (short-form) of USP1, which is also detected by our anti-USP1 antibody, as described previously 21 . Figure 2 . WDR20 directly interacts with the USP12/UAF1 complex. A. GST-pulldown assays were performed using purified GST, GST-WDR20, USP12, and UAF1, as described in materials and methods. In brief, individual USP12, UAF1, or pre-formed USP12/UAF1 complex were incubated with either GST or GST-WDR20 which are pre-bound on glutathione agarose. After 2 hours, the beads were washed and the bound proteins were analyzed by western blots using anti-UAF1, anti-USP12, and anti-WDR20 antibodies. B. Flag-HA tagged WDR20 (FH-WDR20) proteins were immunoprecipitated using anti-Flag agarose from the HeLa cells in which either control or UAF1 was stably knockdown by shRNA. C. A coomassie stain for a trimeric complex of USP12, His-UAF1, and Flag-WDR20. Individual viruses were used to co-infect SF9 cells, and cells were harvested 48 hours post-infection. Tandem-affinity purifications using Ni-NTA beads followed by anti-Flag beads were performed and the bound proteins were eluted off the beads using 3xFlag peptides, as described in materials and methods. Figure 3 . Mapping of WDR20 required for interaction with the USP12/UAF1 complex. A. A scheme for the wild type and the deletion mutants of WDR20 used for the mapping study. B. The individual Flag-WDR20 plasmids were transiently transfected in 293T cells, and anti-Flag immunoprecipitations were performed from the lysates prepared 48 hours after the transfections. Western blots were performed using anti-UAF1, anti-USP12, and anti-Flag antibodies. Figure 4 . WDR20 stimulates the deubiquitinating activity of the USP12/UAF1 complex. A. The in vitro deubiquitination assays were performed using WDR20 protein purified from bacteria, and USP12, USP1, USP12/UAF1, and USP1/UAF1 purified from SF9 cells as described previously 16 . Ub-AMC was used as a substrate at the final concentration of 1µM and the fluorescence was measured using fluorometer. The final concentrations of USP12, USP12/UAF1, USP1, USP1/UAF1, and WDR20 in all reactions are 80nM, 80nM, 10nM, 10nM, 80nM, respectively. The reactions were performed in triplicate. B. Similar deubiquitination assays were performed as in panel A, except that WDR20 proteins were added 10 minutes after the DUB complexes were pre-incubated with Ub-AMC. C. Upper panel. Flag-HA tagged UAF1-complexes were immunopurified using anti-Flag agarose from HeLa cells which were treated with either control or WDR20 siRNAs. The bound proteins were eluted off the beads using 3xFlag peptides, followed by incubation of the eluates with Ub-VS, as described in material and methods. Lower Panel. Efficiency of each WDR20 siRNAs was tested in Flag-HA WDR20 expressing cell line. C indicates control siRNA. In upper panel, the mixture of siRNAs #1 and #2 was used to deplete WDR20. Western blots were performed using anti-Flag, anti-USP12, and anti-Tubulin antibodies. 
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